Background-Severe renal dysfunction is associated with a worse outcome after coronary artery bypass graft surgery (CABG). Less is known about the effects of milder degrees of renal impairment, and previous studies have relied on levels of serum creatinine, an insensitive indicator of renal function. Recent studies have suggested that estimated glomerular filtration rate (eGFR) is a more discriminatory measure. However, data on the utility of eGFR in predicting outcome from CABG are limited. Methods and Results-We studied 2067 consecutive patients undergoing CABG. Demographic and clinical data were collected preoperatively, and patients were followed up a median of 2.3 years after surgery. 
C oronary artery bypass graft surgery (CABG) is a highly successful surgical treatment for the relief of angina and, in selected patients, prolongation of life. 1 It is, however, associated with a significant morbidity and mortality, and several factors have been identified as predictive of complications. These include renal dysfunction and, in particular, the requirement for renal replacement therapy. [2] [3] [4] [5] [6] [7] [8] A worse outcome also has been reported in patients with renal dysfunction not requiring dialysis. 9 -15 These studies have concentrated on patients with moderately to severely elevated serum creatinine who were dichotomized on the basis of an arbitrary cutoff level. Serum creatinine now is generally accepted to be an insensitive indicator of renal function. 16 In contrast, glomerular filtration rate (GFR), a more accurate measure, is recommended for this purpose 16 and identifies patients with mild renal impairment despite normal or nearly normal creatinine levels.
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Demographic and clinical data were recorded at the time of surgery by an experienced full-time data collector. This information included prior medical history, cardiac risk factors, operative details, and symptom status, including the preoperative Canadian Cardiovascular Society angina status, NYHA functional class, and the European system for cardiac operative risk evaluation (EuroSCORE). 21 Two hundred thirty patients (11%) had other major procedures performed in addition to CABG. They included 208 valve replacement/repair operations (155 aortic [1 with aortic root replacement], 50 mitral [1 with atrial septal defect closure], and 3 combined aortic and mitral), 5 postinfarct ventricular septal defect closures, 9 left ventricular aneurysm resections, 4 thoracic aortic procedures (without aortic valve replacement), 2 atrial myxoma excisions, 1 isolated atrial septal defect closure, and 1 pericardiectomy.
Preoperative creatinine levels were obtained, and the GFR was estimated from the Modification of Diet in Renal Disease equation 22 Ϫ0.203 . The product of this equation was multiplied by a correction factor of 0.742 for women. 22 There were no black patients in the current cohort. In general terms, however, a correction factor of 1.212 is applied for black subjects. 22 Patients were also categorized into 4 groups depending on their eGFR (Ն75, 60 to 74, 45 to 59, and Ͻ45 mL/min per 1.73 m 2 ). 17
Follow-Up
Patients were followed up during November 2004 through the use of computerized hospital records and a vital events search by the General Register Office for Scotland. The primary study end point was all-cause mortality. In addition, the cause of death was recorded and classified as cardiac when it was documented on the death certificate as the principal cause or a major contributory factor. The duration of postoperative hospitalization and 30-day total mortality were also recorded.
Statistical Analyses
Categorical data are summarized using absolute values (percentage compared using the 2 test and logistic regression. Long-term survival was described with the Kaplan-Meier method, and comparisons made by use of the log-rank statistic. Estimations of risk were performed by Cox regression. Potential independent predictors of outcome were identified by univariable analyses. All univariable predictors were then entered in a stepwise manner into a multivariable model of survival, with entry and retention set at a significance level of PϽ0.05. Quadratic modeling was used to investigate whether the effect of eGFR on mortality was linear. Receiveroperating characteristic curves were used to assess the most clinically useful level of eGFR in predicting early mortality. SPSS version 13.0 (SPSS Inc) was used for all analyses.
Results

Patient Population
The study cohort was predominantly male with a median age of 66 years (Table 1) . Creatinine levels were obtained a median of 1 day (IQR, 1 to 2 days) before surgery. The cohort had a median creatinine of 1.14 mg/dL (101 mol/L) and a mean eGFR of 64.1 mL/min per 1.73 m 2 ( Figure 1 ). Thirty-seven percent (765 of 2067) of those undergoing CABG had an eGFR Ͻ60 mL/min per 1.73 m 2 , signifying significant renal dysfunction. Patients with poorer renal function were older, more often were female, and had a higher prevalence of diabetes and hypertension ( Table 2 ). They also had worse left ventricular systolic function, more cardiac symptoms, and a higher median EuroSCORE. The median postoperative hospital stay of patients with an eGFR Ͻ60 mL/min per 1.73 m 2 was 10 days (IQR, 8 to 13 days) compared with 8 days (IQR, 7 to 11 days) for those with an eGFR above this threshold.
Follow-Up
Vital status data were obtained on all patients a median of 2.3 years (IQR, 1.4 to 3.4 years) after surgery. The 30-day mortality rate was 3.1% (64 of 2067). There were 94 (4.5%) late (after 30 days) deaths. The 1-and 3-year survival rates were 95% and 91%, respectively. One hundred twenty-two deaths (77%) during follow-up were recorded as being primarily or partially cardiovascular.
Univariable Predictors of Outcome
Renal function, whether measured with creatinine or eGFR, was a powerful univariable predictor of long-term and 30-day mortality (Table 1 and Figure 2 ). In univariable analysis, for every additional 1 mL/min per 1.73 m 2 that eGFR increases, the risk of death decreases by 3% (95% CI, 2 to 4) when all data are considered or by 5% (95% CI, 4 to 7) when 30-day mortality is considered. A 10 -mL/min per 1.73 m 2 increase in (Table 1) . Estimated GFR also was associated with a longer postoperative hospital stay (Table 3) .
Multivariable Predictors of Outcome
Serum creatinine and eGFR are mathematically related. However, in this cohort, when eGFR was used, creatinine provided no additional prognostic information. Therefore, eGFR was used in subsequent forward conditional multivariable models. The first model included the univariable predictors of long-term mortality shown in Table 1 (age, diabetes mellitus, previous CABG, estimated left ventricular ejection fraction Ͻ50%, myocardial infarction in the preceding week, requirement for other major cardiac surgical procedure in addition to CABG, use of a preoperative balloon pump, and eGFR) except EuroSCORE, which is a composite that includes several of these parameters. In this model, the independent predictors of mortality were the requirement for an additional major cardiac surgical procedure, myocardial infarction in the past week, left ventricular ejection fraction Ͻ50%, and eGFR (Table 4) . Exclusion of age (a component of eGFR) resulted in no changes in the result of this model. Likewise, inclusion of gender (a further component) did not alter the result. The hazard ratio (HR) for eGFR means that the risk of death at any instant during follow-up is decreased by 2% (95% CI, 1 to 3) for each additional 1-mL/min per 1.73 m 2 rise in eGFR. Likewise, if we are comparing 2 patients who differ only in that 1 has an eGFR 10 mL/min per 1.73 m 2 higher than the other, on average, the risk of death will be decreased by 20% (95% CI, 11 Similar results were evident for 30-day mortality. In a multivariable model including univariable predictors shown in Table  1 (age, estimated left ventricular ejection fraction Ͻ50%, myocardial infarction in the prior week, requirement for other major cardiac surgical procedure in addition to CABG, use of a preoperative balloon pump, NYHA functional class III or IV symptoms, and eGFR) except EuroSCORE, the independent predictors of mortality were the requirement for an additional major cardiac surgical procedure, myocardial infarction in the past week, left ventricular ejection fraction Ͻ50%, use of a preoperative balloon pump, and eGFR (Table 6 ). Again, exclusion of age did not change these results, nor did the inclusion of gender. In a model that included just eGFR and EuroSCORE, both were significant predictors of 30- 
Sensitivity and Specificity of eGFR for Predicting Early Mortality
Receiver-operating characteristic curves were constructed using all eGFR measures and the prospectively defined eGFR levels (Ն75, 60 to 74, 45 to 59, and Ͻ45 mL/min per 1.73 m 2 ). These confirmed that an eGFR level of 60 mL/min per 1.73 m 2 was the most useful in predicting 30-day mortality. At this level, eGFR had a sensitivity of 70.3% (95% CI, 57.4 to 80.8) with a specificity of 64.1% (95% CI, 61.9 to 66.2). The area under the receiver-operating characteristic curve for eGFR predicting death during 30-day follow-up was 0.70 (95% CI, 0.62 to 0.77; PϽ0.001).
Discussion
The current data demonstrate that renal insufficiency is common in patients undergoing CABG. In addition, renal dysfunction is associated with prolonged hospitalization and, more importantly, is an independent predictor of both shortand long-term mortality. In the present cohort, Ϸ37% of patients undergoing CABG had an eGFR suggestive of chronic kidney disease (Ͻ60 mL/min per 1.73 m 2 ). These patients stayed a median of 2 days longer in hospital after CABG, accounted for 70% of all deaths within the first 30 days of surgery, and were twice as likely to die during long-term follow-up.
Renal impairment is associated with a worse prognosis both in patients undergoing CABG [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] and in those treated with percutaneous coronary intervention. 15, 23, 24 However, prior studies of patients undergoing CABG have generally relied on serum creatinine to determine renal function. It is well recognized, however, that creatinine has significant limitations in this role. 16 More discriminatory measures of renal function such as creatinine clearance or GFR are strong predictors of mortality and other cardiac events after percutaneous coronary intervention 23 and in patients with an acute coronary syndrome. 25, 26 Likewise, recent data have confirmed the superiority of eGFR over creatinine as an indicator of prognosis in patients with acute myocardial infarction complicated by heart failure and/or left 27 or rely on serum creatinine as a dichotomous variable, 21 nonspecific parameters such as renal failure, 28 or the need for renal replacement therapy. 29 The current data suggest that the use of more accurate measures of renal function might provide greater prognostic information. Estimated GFR predicts the long-term outcome of patients with severe left ventricular systolic dysfunction who undergo CABG. 29a There are, however, limited data on its prognostic utility in the broader population of patients undergoing bypass surgery. A recently published study by Thakar and colleagues 30 concentrates primarily on the effects of postoperative renal function (and the change from preoperative levels) on short-term outcome and includes patients undergoing all forms of major cardiac surgery. However, the authors report that, in this setting, preoperative eGFR is a powerful univariable predictor of inhospital mortality (with a median eGFR of 57 mL/min per 1.73 m 2 in those who died compared with 72 mL/min per 1.73 m 2 in those surviving to discharge). 30 The independence of this effect from the influence of other risk factors is not addressed, and no separate analysis is provided for patients undergoing CABG. Nevertheless, the findings provide supportive evidence for the importance of renal function, particularly eGFR, in determining the outcome of cardiac surgery. They also highlight the importance of any postoperative decline in renal function, an issue not addressed in the present study.
The increased risk associated with renal dysfunction is nonlinear, with the risk of death rising as eGFR declines. This is in keeping with prior population data 18, 31 and a recent analysis of patients with acute myocardial infarction complicated by heart failure demonstrating a steep rise in the risk of death once eGFR fell to Ͻ60 mL/min per 1.73 m 2 . 17 This important point should be kept in mind when considering hazard ratios that refer to changes in the estimated risk of death throughout the entire population. Although a 10 -mL/min per 1.73 m 2 rise in eGFR is associated with an average 20% decrease in the risk of death, the implications of a similar difference will be much greater in patients with lower levels of renal function.
Impaired renal function may increase cardiovascular risk in several ways. Renal dysfunction is associated with other disease processes such as diabetes mellitus and hypertension that are themselves determinants of poorer outcome. In addition, renal dysfunction in association with these factors imparts a markedly worse prognosis. A declining GFR is also associated with several other factors that influence outcome in cardiac disease such as impaired left ventricular systolic function and more severe symptoms of heart failure. Nevertheless, in keeping with prior data, [17] [18] [19] [20] 31 the present study demonstrates that renal impairment is a powerful independent risk factor. This may reflect the increased inflammation and oxidative stress associated with poorer renal function. In addition, kidney dysfunction may be associated with multiple other physiological changes. These include high levels of homocysteine, hyperuricemia, hypercalcemia, anemia, and uremia, all of which have detrimental cardiovascular effects. 32 Certainly, patients with end-stage renal failure have greatly accelerated vascular disease and a very high cardiac risk. 32 Thus, renal function integrates the effects of many factors, all of which affect cardiovascular outcome. In addition, it has been suggested that, given the effects of vascular disease on renal function, this may serve as a useful indicator of vascular health. 33 Both of these may underpin its prognostic utility.
Study Strengths and Limitations
The strength of this study is that it assesses outcome in a large contemporary cohort of consecutive patients undergoing CABG in a regional cardiothoracic surgical center. Therefore, the results are likely to be widely generalizable. The large cohort also ensures that all-cause mortality can be used as the primary end point. This has the advantage of being entirely objective. 34 However, the absence of data on other important nonfatal outcomes such as myocardial infarction, heart failure, and stroke is a limitation. Other limitations include the lack of data on albuminuria, which is an independent predictor of cardiovascular risk and may contribute to the cardiovascular effects of renal dysfunction. 35 In addition, eGFR is based on a single measurement. This may fluctuate, particularly in patients with unstable hemodynamics and varying medical therapy. We do not have data on medications used at the time of GFR estimation or after surgery. This may also affect outcome.
Despite these limitations, our data clearly demonstrate the importance of renal function, particularly eGFR, in predicting the short-and long-term prognosis of patients undergoing CABG. Although the Modification of Diet in Renal Disease equation is complex, eGFR can be estimated rapidly with electronic calculators and can be incorporated easily into standard laboratory reporting systems. 33 Further work is required to develop models to integrate such data into existing or novel risk prediction tools. Perhaps more importantly, future studies should determine strategies that can improve the outcome of patients with renal dysfunction in this setting.
